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A.  Statement  of  the  Problem  Studied 


The  goals  of  this  project  were  to  investigate  all-optical  devices  as  high-speed  optical  switching 
elements  for  the  development  of  a  multi-gigabit  optical  time  division  multiplexing  interconnect  system. 
For  this  purpose,  we  designed  and  demonstrated  an  asymmetric  Fabry-Perot  all-optical  reflection 
modulator  that  had  a  high  on/off  contrast  ratio,  and  characterized  its  response  time. 


B.  Summary  of  Results 

An  all-optical  modulator  that  offers  an  on/off  contrast  ratio  of  greater  than  1000:1  at  wavelength 
of  1.3  n m  was  demonstrated.  The  modulator  consisted  of  an  asymmetric  Fabry-Perot  etalon 
with  GaAlInAs/AlInAs  multi-quantum  wells  (MQWs)  for  its  spacer  layer.  The  recovery  time  of  the 
modulator,  which  determines  its  operating  speed,  was  measured  and  found  to  be  730  ps.  Design  concepts 
of  the  modulator  are  described  in  section  1.  experimental  results  both  for  its  contrast  ratio  and  response 
time  are  shown  in  sections  2  and  3,  and  its  operating  conditions  are  discussed  in  terms  of  the  switching 
pump  beam  intensity  and  response  time  in  section  4. 


1.  Operating  Principles  of  ASFP  Modulators 

The  resonance  reflectance  Rl  t.  of  an  ASFP  modulator  with  a  spacer  absorption  coefficient  a  and 
thickness  1  is  given  by 


R 


hr 


exp(-a/) 


lRhRn  exp(-af) 


where  RP  and  RB  are  the  reflectance  of  the  front  and  back  mirrors,  respectively.  RhP  becomes  zero  when 
the  cavity  is  matched,  i.e.,  the  condition  Rp  =  R„exp(-2al)  is  satisfied.  Absorptive  nonlinearities 
associated  with  photo-induced  carrier  populations  unbalance  the  matching  condition,  which  causes  the 
modulator  to  switch  to  a  high  reflectance  state.  Refractive  nonlinearities  also  contribute  to  increasing  R(P 
by  shifting  the  Fabry-Perot  resonance.  As  we  shall  see.  the  Fabry-Perot  resonance  must  be  placed  on 
the  long  wavelength  side  of  the  exciton  resonance  to  fully  utilize  the  large  absorptive  and  refractive 
nonlinearities. 

The  ASFP  modulator  was  designed  for  the  operating  wavelength  of  1.3  using 
GaAlInAs/AlInAs  MQWs  as  the  nonlinear  spacer,  and  satisfies  the  matching  conditions  in  the  absence 


of  a  photogenerated  carrier  population.  The  schematic  structure  of  the  1.3  urn  ASFP  modulator  is  shown 
in  Fig.  1.  The  nonlinear  spacer  consisted  of  65  periods  of  69  A  Ga,,  ^A^^lr^^As  well/89  A 
A10  48Ii\,5;;As  harrier  MQWs  with  a  total  thickness  of  1.03  jim.  The  rear  mirror  was  formed  hy  24 
periods  of  936  A  Ga^Al,,  l8InO5;As/1003  A  Aln4l(In()  vAs  quarter-wave  stack.  The  interface  between  the 
spacer  and  air  was  used  as  the  front  mirror.  The  reflectances  of  the  hack  and  front  mirrors  were 
Rb  =  0.92  and  RF  =  0.3,  respectively. 


GaAllnAs/AllnAs  MQW 


1 .03^m 


24  periods 
4.65^m 


Semi-insulating  InP 
Substrate 


Fig.  1 .  Schematic  structure  of  the  GaAllnAs/AllnAs  modulator. 


2.  Switching  Characteristics 

The  nonlinear  behavior  of  the  modulator  w'as  investigated  in  a  pump/probe  geometry.  Both  pump 
(control)  and  probe  beams  were  normally  incident  on  the  modulator  from  the  MQW  spacer  side,  and  the 
reflectance  of  the  probe  beam  was  modulated  by  switching  the  pump  (control)  beam. 

The  1 .064-jzm  line  from  a  Q-switched  Nd:YAG  laser  was  used  as  the  pump  source,  and  the  probe 
beam  was  generated  by  difference  frequency  mixing  between  the  1.064-/xm  line  and  the  output  of  a 
tunable  dye  laser.  The  pulse  durations  of  the  pump  and  probe  beams  were  10  ns  and  4  ns,  respectively. 
Figure  2  shows  the  reflectance  spectra  of  the  modulator  w  ith  pump  intensities  of  0,  6.6.  and  41  kW/cm;. 
The  corresponding  carrier  densities  calculated  from  the  rate  equation  for  these  pump  intensities  were  0. 
1.0  x  1017  cm  ’,  and  5.7  x  1017  cm  3,  respectively,  assuming  a  carrier  lifetime  of  0.73  ns  and  an  MQW 
layer  absorption  coefficient  of  5.7  x  103  cm  1  at  1 .06  /xm.  As  shown  in  the  linear  spectrum  (no  pump), 
a  minimum  reflectance  of  (5.5  ±  0.8)  x  10 4  was  achieved  at  a  wavelength  of  1.314  /xm.  As  the  pump 
intensity  increases,  the  reflectance  increases  due  to  bleaching  of  the  heavy-hole  exciton  absorption.  In 
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/■Yg.  2.  Measured  reflectance  spectra  of  the  GaAllnAs/AUnAs  asymmetric  reflection 
modulator  for  pump  intensities  of  (1)  0.0  (linear),  (2)  6.6,  ad  (3)  41  kW/cmr. 

addition,  the  Fabry-Perot  resonance  shifts  toward  shorter  wavelengths  due  to  the  refractive  index  change 
associated  with  the  absorption  change.  The  combination  of  absorptive  and  refractive  nonlinearities  results 
in  a  maximum  reflectance  of  larger  than  0.7  at  the  resonance  wavelength  of  1.314  pm.  This  yields  a 
contrast  ratio  in  excess  of  1000: 1 .  The  operating  bandwidth  over  which  the  contrast  ratio  is  greater  than 
100:1  is  approximately  5  nm.  The  relatively  wide  bandwidth  results  from  the  low  finesse  of  the 
asymmetric  Fabry-Perot  resonance. 

We  calculated  the  reflection  spectra  of  the  modulator  using  a  multilayer  model  of  the  structure  that 
includes  the  quarter-wave  stack  back  mirror.  The  parameters  of  the  layer  structure  were  taken  from  the 
values  of  the  samples  used  for  the  experiment.  The  back  mirror  was  treated  as  a  stack  of  nonabsorbing 
layers.  The  nonlinear  exciton  absorption  and  the  refractive  index  change  of  the  MQW  space  layer  were 
calculated  as  a  function  of  wavelength  and  pump  intensity  using  the  plasma  theory. 

The  exciton  absorption  spectra  were  calculated  as  shown  in  Fig.  3(a)  for  carrier  densities  of  (1)  0 
and  (2)  2.8  x  1017  cm1.  The  corresponding  refractive  index  change  was  obtained  from  a  Kramers- 
Kronig  transformation  of  the  difference  of  these  absorption  spectra,  as  shown  in  Fig.  3(b).  Figure  4 
shows  the  calculated  reflectance  spectra  using  the  nonlinear  absorption  and  refractive  indices  of  Fig.  3. 
The  reflectance  at  the  resonance  wavelength  increases  from  2  x  104  to  0.29  as  a  result  of  the  injected 
carrier  density.  Since  the  Fabry  Perot  resonance  coincides  with  the  wavelength  at  which  the  nonlinear 
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Fig.  3.  (a)  Calculated  nonlinear  absorption  spectra  of  GaAlInAs/AlInAs  MQWfor  carrier 
densities  of  (l)  0.0  ( linear )  and  (2)  2.8  x  lffcm  *.  (b)  Calculated  refractive  index 

change  using  the  Kramers-Kronig  transformation  of  the  spectra  in  Fig.  3(a). 
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Fig.  4.  Calculated  reflectance  spectra  of  the  GaAlInAs/AlInAs  asymmetric  reflection 
modulator  for  carrier  densities  of  0.0  (dashed  line)  and  2.8  x  l(f  cm 3  (solid  line).  The 
absorption  coefficients  and  refractive  index  changes  were  taken  from  the  calculated  values 
shown  in  Fig.  4. 
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refractive  index  change  becomes  maximum,  a  significant  shift  of  the  resonance  wavelength  was  obtained. 
When  the  refractive  nonlinearity  was  ignored,  i.e.,  only  the  absorption  saturation  was  taken  into  account, 
the  reflectance  at  the  Fabry-Perot  resonance  reaches  only  a  value  of  0.2.  Thus,  the  combined  effect  of 
absorptive  and  refractive  nonlinearities  increased  the  modulation  by  a  factor  of  1 .4.  In  order  to  fully  use 
the  refractive  nonlinearities,  the  Fabry-Perot  resonance  must  be  placed  on  the  low-energy  side  of  the 
heavy-exciton  resonance. 

The  measured  reflectance  at  the  Fabry-Perot  resonance  wavelength  of  1 .314  ^m  is  shown  in  Fig.  5 
as  a  function  of  carrier  density.  As  the  pump  intensity  increases,  the  reflectance  rapidly  increases 
initially,  and  saturates  to  a  value  of  0.72  as  a  result  of  absorption  saturation  of  the  spacer  layer.  The 
absorption  saturation  of  the  MQW  spacer  layer  is  characterized  by  its  saturation  carrier  density  Ns,  which 
is  defined  by  a(N)  =  or0/(l  +  N/Ns).  The  saturation  carrier  density  for  the  GaAlInAs/AlInAs  MQWs 
is  approximately  1.0  x  1018  cm  3.  The  reflectance  saturates  when  the  carrier  density  approaches  NTS.  as 
shown  in  Fig.  5.  Therefore,  the  laser  power  required  for  the  maximum  possible  modulation  depth  can 
be  estimated  from  the  intensity  value  corresponding  to  the  saturation  carrier  density.  Thus,  materials 
which  have  low  saturation  carrier  densities  would  make  modulators  that  operate  at  low  carrier  densities. 
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Fig.  5.  Reflectance  of  the  GaAllnAs/AllnAs  asymmetric  reflection  modulator  at  the 
resonance  wavelength  of  1.314.3  nm.  as  a  function  of  carrier  density  generated  by  the 
pump  beam.  The  error  bars  were  determined  from  the  standard  deviations  of  measured 
data. 


5 


The  carrier  density  in  the  quasi-steady  state  is  given  by  N  =  alrlhu,  where  a  is  the  absorption 
coefficient  at  the  pump  wavelength,  I  is  the  pump  intensity,  r  is  the  carrier  lifetime,  and  flu  is  the  pump- 
photon  energy.  For  a  fixed  carrier  density  N,  larger  absorption  coefficients  a  would  reduce  the  required 
pump  intensity  I. 


3.  Response  Time  of  the  ASFP  Modulator 

The  response  time  of  the  modulator  was  measured  at  the  Photonics  Laboratory  in  Rome,  which 
determines  its  maximum  operating  speed.  Optical  pulses  of  1.5-ps  duration  from  a  1.313-^m,  100  MHz 
Nd:YLF  laser  and  fiber-grating  pulse  compressor  were  used  as  both  the  pump  and  probe  pulses. 

Figure  6  shows  the  measured  temporal  change  of  the  reflectance  for  an  excited  carrier  density  of 
1.4  x  1016  cm'3  in  the  GaAlInAs/AlInAs  modulator.  The  measured  time  constant  was  730  ps,  which  is 
in  good  agreement  with  the  carrier  lifetime  of  GaAlInAs/AlInAs  MQW  material.  In  order  to  achieve 
faster  modulation  speeds,  reduction  of  the  carrier  lifetime  is  required.  Shorter  carrier  lifetimes,  however, 
result  in  a  higher  pump  intensity  requirement  for  the  same  carrier  density  if  the  durations  of  pump  pulses 
are  longer  than  the  carrier  lifetime.  To  take  advantage  of  shorter  carrier  lifetime,  pump  and  probe  pulses 
shorter  than  the  carrier  lifetime  are  required. 


Fig.  6.  Reflectance  recovery  time  of  the  GaAlInAs/AlInAs  asymmetric  reflection 
modulator.  The  dashed  curse  is  an  exponential  fit  to  the  measured  data,  indicating  a 
recovery  time  constant  of  730  ps. 
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4.  Conclusion 

We  have  demonstrated  the  all-optical  GaAIAs/AlInAs  MQW  asymmetric  reflection  modulator  for 
operation  at  1.3  n m.  By  using  the  combined  absorptive  and  refractive  nonlinearities  associated  with 
saturating  the  heavy-hole  excitor  resonance,  an  on/off  contrast  ratio  exceeding  1:1000  and  an  insertion 
loss  of  2.2  dB  has  been  achieved  at  a  pump  intensity  of  30  kW/cirr,  corresponding  to  a  carrier  density 
of  4  x  1017  cm'2.  This  value  is  consistent  with  the  saturation  carrier  densities  of  the  MQW  materials  used 
for  the  nonlinear  spacer.  The  pump  beam  intensities  required  for  maximum  possible  modulation  were 
related  to  the  saturation  carrier  densities  of  the  nonlinear  spacer  materials  using  the  car  :er  lifetimes  and 
absorption  coefficients  at  the  pump  wavelengths.  The  modulator  had  an  operating  bandwidth  of  5  nm 
over  which  the  contrast  ratio  is  greater  than  100: 1 .  The  response  time  of  the  modulator  was  730  ps.  The 
modulator  with  the  high  contrast,  low-insertion  loss,  and  reasonably  high  speed  has  potential  for  use  in 
optical  interconnect  and  signal  processing  applications,  where  spatial  light  modulators  and  optical  gates 
are  needed. 
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M.  Gibbs,  and  N.  Peyghambarian,  "Nonlinear  GaAlInAs/AlInAs  Multiple  Quantum  Well 
Materials  and  Devices  at  1.3  /xm  for  Ultrafast  TDMA  Interconnects,"  invited  talk  at  the 
Electrochemical  Society  182nd  Meeting,  October  1992. 

2.  T.  Ohtsuki,  M.  F.  Krol,  R.  Jin,  S.  T.  Johns,  R.  K.  Boneek,  B.  P.  McGinnis,  G.  Khitrova,  H. 
M.  Gibbs,  and  N.  Peyghambarian,  "High  Contrast  All-Optical  Asymmetric  Fabry-Perot  Reflection 
Modulator  at  0.92  /am  and  1 .3  /am,"  Eighth  Interdisciplinary  Laser  Science  Conference  (ILS-VIII), 
September  1992. 

3.  M.  F.  Krol,  R.  K.  Boneek,  T.  Ohtsuki,  G.  Khitrova,  B.  P.  McGinnis.  H.  M.  Gibbs,  and  N. 
Peyghambarian,  "High-Contrast,  All-Optical  GaAlInAs/AlInAs  MQW  Reflection  Modulator  at 
1.3  /am,"  Quantum  Optoelectronics  Topical  Meeting,  March  1993. 

D.  Degrees  Earned 

Mark  Krol,  MS,  1992 
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MISSION 
OF 

ROME  LABORATORY 

Rome  Laboratory  plans  and  executes  an  interdisciplinary  program  in  re¬ 
search,  development,  test,  and  technology  transition  in  support  of  Air 

O 

Force  Command,  Control,  Communications  and  Intelligence  (C  I)  activities 
for  all  Air  Force  platforms.  It  also  executes  selected  acquisition  programs 
in  several  areas  of  expertise.  Technical  and  engineering  support  within 
areas  of  competence  is  provided  to  ESD  Program  Offices  (PCs)  and  other 

O 

ESD  elements  to  perform  effective  acquisition  of  C  I  systems.  In  addition, 
Rome  Laboratory’s  technology  supports  other  AFSC  Product  Divisions,  the 
Air  Force  user  community,  and  other  DOD  and  non-DOD  agencies.  Rome 
Laboratory  maintains  technical  competence  and  research  programs  in  areas 
including,  but  not  limited  to,  communications,  command  and  control,  battle 
management,  intelligence  information  processing,  computational  sciences 
and  software  producibility,  wide  area  surveillance/sensors,  signal  proces¬ 
sing,  solid  state  sciences,  photonics,  electromagnetic  technology,  super¬ 
conductivity,  and  electronic  reliability/ maintainability  and  testability. 


